A delayed response of the winter North Atlantic oscillation (NAO) to the 11-year solar cycle has been observed and modeled in recent studies. However, the mechanisms creating this 2−4-year delay to the solar cycle have still not been well-understood. This study examines the effects of the 11-year solar cycle and the resulting modulation in the strength of the winter stratospheric polar vortex. A coupled atmosphere-ocean general circulation model is used to simulate these effects by introducing a mechanistic forcing in the stratosphere. The intensified stratospheric polar vortex is shown to induce positive and negative ocean temperature anomalies in the North Atlantic Ocean. The positive ocean temperature anomaly migrated northward and was amplified when it approached an oceanic frontal zone approximately 3 years after the forcing became maximum. This delayed ocean response is similar to that observed. The result of this study supports a previous hypothesis that suggests that the 11-year solar cycle signals on the Earth's surface are produced through a downward penetration of the changes in the stratospheric circulation. Furthermore, the spatial structure of the signal is modulated by its interaction with the ocean circulation.
Introduction
The importance of the North Atlantic oscillation (NAO) for the European weather and climate conditions has been known for a long time (Walker and Bliss 1932; van Loon and Rogers 1978; Hurrell et al. 2003) . NAO is the dominant intrinsic mode of atmospheric variability over the Atlantic sector (Hurrell and Deser 2009) . It is often characterized by a north-south seesaw in the sea-level pressure (SLP) between the Iceland and Azores regions. Hence, it is crucial to quantify the extent to which external drivers such as tropical sea surface temperature (SST) (Brönnimann et al. 2007 ) and stratospheric circulation (Kidston et al. 2015) can modulate the variability of the NAO. The role of extratropical oceans in producing interannual variations in the NAO has been pointed out (Rodwell et al. 1999; Czaja and Frankignoul 2001) . The impacts of the external forcing from the 11-year solar cycle on the NAO, such as the modulation of its spatial structure (Kodera 2002 ) and the increase in its predictability (Dunstone et al. 2016) , have also been suggested. In recent studies using long-term historical data, a significant delayed response of the NAO to the 11-year solar cycle has been reported (Gray et al. , 2016 .
To explain this delayed response, Scaife et al. (2013) presented a simple mechanistic model that treated the ocean as a heat reservoir. It was suggested that the extended memory of the ocean heat-content anomalies and their subsequent interaction with the atmosphere may produce the delayed response observed for the NAO. Recently, the delayed solar response of the North Atlantic has also been simulated using middle-atmosphere climate system models coupled with a dynamic ocean model and an atmospheric chemistry model (Andrews et al. 2015; Thiéblemont et al. 2015) . In these model simulations, the response in the Atlantic sector related to the solar forcing was found to be delayed by approximately 3 years, which is similar to the observed response. This suggests that the delayed response is related to the atmosphereocean response.
For the above-mentioned simulations, fluctuations in the total solar irradiance and the solar spectrum (from infrared to ultraviolet (UV)) were considered. Hence, the top-down influence induced by the solar UV-heating changes in the stratosphere (Andrews et al. 2015; Thiéblemont et al. 2015 ) cannot be easily separated from the bottom-up influence (e.g., Meehl et al. 2009 ) initiated by a direct heating of the Earth's surface. To focus solely on the role of stratospheric circulation changes, an idealized simulation was conducted by directly applying accelerating stratospheric zonal winds to a CGCM (Yukimoto and Kodera 2007) . This demonstrated that the characteristic features of the global distribution of the solar signal in the Earth's surface temperature can be realized by forcing in the stratospheric zonal winds (Kodera et al. 2016 ). The forcing in Kodera et al. (2016) had only seasonal variation and did not include any quasi-decadal variation. To investigate the cause of the delayed response of the NAO, a similar CGCM simulation was conducted in this study with the exception that the zonal wind forcing was modulated with the 11-year cycle.
This study describes the model used and the simulations applied to this model in Section 2; the simulation results for the tropospheric circulation and the ocean temperatures are presented in Section 3; and a brief discussion and conclusion from these results is presented in Section 4.
Model and experiment
The Meteorological Research Institute (MRI) CGCM (MRI-CGCM2.3) (Yukimoto et al. 2006 ) is used for this experiment. The atmospheric model has a T42 spectral horizontal resolution and 30 vertical levels with the top level at 0.4 hPa. The ocean model has a 2.5° longitude and 2.0° latitude horizontal resolution, except for a 0.5° latitude resolution near the equator, with 23 vertical layers.
In this simulation, stratospheric zonal winds are forced by adding the zonal angular momentum in the winter stratosphere at levels above 100 hPa. The momentum forcing (F m ) is essentially the same as that used in Yukimoto and Kodera (2007) with the exception that the amplitude (A) of the forcing varies with the 11-year cycle and is expressed as,
where A 0 = 1 m s −1 /day, and t denotes the time (years). It should be noted that the forcing is applied only in the winter hemisphere as follows.
where n denotes the day of the year and n 0 denotes the central day of the winter (15 January in the Northern Hemisphere (NH) and 15 July in the Southern Hemisphere (SH) winter-spring that are associated with the 11-year cycle momentum forcing. Stronger zonal-mean zonal winds were induced by the forcing in the winter stratosphere. The magnitude of the zonal wind anomalies is comparable with that observed (Kodera and Kuroda 2002) , implying that the magnitude of the momentum forcing is fairly realistic. The simulation shows that the signal penetrates into the troposphere from late winter to spring, which is similar to the polar night jet oscillation through the interaction between mean-flow and planetary waves and transient eddies (Kuroda and Kodera 1999) . A warming of ~1 K in the tropical lower troposphere is also simulated (not shown), which implies the top-down propagation of the signal via the tropics (Simpson et al. 2009 ) as another pathway to the tropospheric response.
The response of the SLP (Fig. 2 bottom) first occurs in the polar region in January. Following this, high pressure develops over the surrounding oceans, i.e., the Atlantic and the Pacific, during late winter-spring. The change in the SLP in the midlatitudes occurs in association with an increased equatorward propagation of tropospheric eddies (see E-P flux in Fig. 2 ) and the development of easterly anomalies in the subtropics. Such a seesaw pattern in the surface pressure between the polar and surrounding regions is termed as Arctic Oscillation (AO) or surface annular mode (Thompson and Wallace 2000) . It should be noted that in spite of the nomenclature (Gerber and Thompson 2016) , surface annular mode in the NH includes a fairly large stationary wave component; the polar vortex is shifted toward eastern Canada in the positive phase, which advects polar cold air to the northeast coast of American continent (see Fig. 11 in Thompson and Wallace 2000) .
The earlier section describes the way in which changes induced by the momentum forcing in the stratosphere can penetrate into the troposphere during the winter-spring. The delayed response to the stratospheric forcing by means of a lagged regression is explained in this section. Regressed zonal-mean zonal winds and SLPs in February-March are shown for lags of −2, 0, and +2 years (Fig. 3) . The zonal-mean zonal wind response is naturally the largest at a 0-year lag, but a seesaw pattern of the zonal-mean zonal wind anomalies between the subtropics and subpolar region persists until a +2-year lag in the troposphere. It was also noticed that the center of the positive anomalous zonal winds near the surface moves northward with time from 45°N at a −2-year lag to 55°N at a +2-year lag. This seesaw pattern of zonal winds at a 0-year lag is related to the formation of a seesaw pattern of the SLP in the North Atlantic sector between the Iceland and Azores regions, i.e., the NAO. The SLP response at a 0-year lag is accompanied by a positive anomaly in the North Pacific that constitutes the annular pattern known as AO. The negative SLP anomaly declines at a +2-year lag, although it is still significant near Greenland (Fig. 3) . The simulated SLP response shows no sign of a time lag but peaks at 0-year lag. This is inconsistent with the analysis of SLP reconstruction by Gray et al. (2013) which shows a peak of positive NAO-like response in 2−3 years after the solar max.
Lagged regressions of the SST for the 11-year-cycle forcing are displayed in Fig. 4 for approximately half of an 11-year cycle from −3 to +3-year lags. As the forcing is a purely periodic function, the response calculated by the linear regression is also periodic. A significant response in the SST exists throughout the cycle in the Atlantic sector. A cold anomaly appears near the western coast of the Atlantic around 40°N−45°N at a −3-year lag, which moves northeastward with time. Unlike the SLP response, the largest positive and negative anomalies of 0.9 K and −1.1 K, respectively, are found between 40°N and 45°N at a lag of +3 and −3 years, respectively. In contrast, in the Pacific sector, the largest SST anomalies are produced near the coastal region at a 0-year lag. The delayed response in the Pacific sector shows no amplification; the negative anomalies extend eastward from the northwestern Pacific but their amplitude decreases with time. 
where p denotes the pressure (hPa) and ϕ denotes the latitude (radians). The time series of the amplitude A and the spatial structure of F m in January, April, and July are shown in Figs. 1a and 1b , respectively. The seasonal evolution of F m at 45°N and p = 1 hPa is shown in Fig. 1c . The model is integrated 200 years each with and without the momentum forcing for the 'forced' and 'control' simulations, respectively.
Results
The response to the stratospheric forcing was investigated through a regression of the variables for the amplitude, A, of the 11-year cycle momentum forcing. First, the seasonal features of the simultaneous response were examined. The top panels in Fig.  2 indicate the zonal-mean zonal wind anomalies during the boreal (1), (b) the spatial structure of the momentum forcing in January, April, and July, from top to bottom, respectively, and (c) seasonal evolution of the momentum forcing at 45°N and p = 1 hPa.
cal Hadley Center Sea Ice and Sea Surface Temperature (HadISST) data set for the period from 1870 to 2010. The MLR method is useful for separating the influence of multiple external forcing variables (e.g., anthropogenic, volcanic, and solar forcing) on the observed SST variability. We used the same MLR and explanatory variables (i.e., CO 2 concentration, Niño3.4 index, F10.7 cm solar radio flux index, global aerosol optical depth at 550 nm, and two orthogonal QBO indices) as in Kodera et al. (2016) . Northward shift of a pair of positive and negative anomalies were clearly seen in both simulated and observed responses. The northward shift further extends from the midlatitudes to the Norwegian Sea. The amplitude of the positive anomalies increases when they approach the oceanic frontal zone (40°N−45°N) at a +2-year lag. At a +3-year lag, new negative anomalies are produced in the tropics forming a tri-pole pattern, a characteristic feature of the SST associated with the NAO. The northward shift of the anomalous SSTs suggests that treating the ocean as a simple passive heat reservoir to explain the response to the quasi-decadal stratospheric forcing is not sufficient and the transport processes also need to be considered.
Lagged responses of the upper ocean temperature zonally averaged for the Atlantic sector (80°W−40°W) and the Pacific sector (140°E−180°E) are displayed in Fig. 6 . In the Atlantic sector, a positive signal at approximately 50 m depth initiated by the winter mixed-layer is preserved beneath the shallow summer mixed-layer (~20 m depth). The signal at depth migrates northward and amplifies as it approaches to the ocean frontal zone at +2-year to +3-year lags. The propagation speed roughly agrees with the observed speed in SST anomalies of 2−3 cm s −1 for decadal NAO variability . Outcropping of the signal due to a deep mixing in the following winters (not shown) leads to the SST anomaly that can interact with the atmosphere. In the Pacific sector, on the other hand, a positive anomaly initially located in the ocean frontal zone exhibits little amplification with time.
Next, the way in which coupling with the ocean modulates the tropospheric circulation variability is described. Figure 7 shows the power spectra of AO indices from different simulation runs. The red line indicates a run of the atmospheric general circulation model (AGCM) with climatological SSTs taken from the control simulation of the CGCM, whereas the black line is for the control simulation of the CGCM. Length of the CGCM control and AGCM simulations are 100 years and 30 years, respectively. When the atmosphere is not coupled with the ocean, the spectrum of the AO shows no variation with timescale, suggesting a white noise-like process. In contrast, including the ocean coupling enhances low frequency variations, leading to a reddening of the spectrum. When the 11-year cycle forcing is added to the CGCM (green line), a large 11-year peak appears.
Discussion and concluding remarks
The impact of the winter stratospheric polar vortex on the oceans for quasi-decadal timescales was studied by adding an 11-year momentum forcing to the winter stratosphere of the CGCM.
For the troposphere, the response lagged the forcing by 1−2 months and was maximized in late winter-spring, whereas a longer lagged response was found in the ocean. However, the simulated atmospheric response does not show a longer delay unlike the observed SLP response that peaks 2−3 years after the solar max. The model probably has too weak atmospheric responses to the SST anomalies as suggested by Scaife et al. (2013) . It is implied that the atmospheric perturbation is dominated by direct response to the stratospheric forcing rather than feedback from the ocean response.
Northward migration of a pair of positive and negative anomalies was simulated throughout the 11-year cycle in the North Atlantic Ocean. The amplification of these anomalous SSTs occurred when the upper ocean temperature anomalies approached the ocean frontal zone. Anomalous SST fields transform to NAOlike pattern approximately 3 years after the maximum of the forcing, similar to the observed solar signal for the Atlantic SSTs. The present stratospheric forced simulation results also show that there is no apparent delay in the Pacific sector, except for some eastward extension of the decaying negative anomalous SSTs in the subpolar region.
The reemergence mechanism suggests that a deep signal, that is initiated by the winter mixed layer, persists at a depth throughout summer and reappears at the surface in the following winter. Provided that atmosphere-ocean feedback is strong enough, repeated interaction with the reemergence mechanism can explain the 2−3-year delayed response by the integrated effects as proposed by Scaife et al. (2013) . However, this does not fully explain the difference in lagged response between the Atlantic and Pacific sectors. The present CGCM simulation demonstrates that a longer delay in the Atlantic Ocean can arise from the migration of ocean temperature anomalies into 'hotspot' in the oceanic frontal zone where strong interactions occur with the atmosphere. For instance, it is known that midlatitude oceanic fronts play an important role in the interaction between the atmosphere and ocean through the modulation of transient eddies (Nakamura et al. 2004; Kwon et al. 2010) . Using an aqua-planet model simulation, Nakamura et al. (2008) suggested in particular that the midlatitude oceanic fronts can enhance annular mode variability.
The question related to the absence of the delay in the Pacific sector (compared to the Atlantic) remains unanswered. One possibility discussed by Kodera et al. (2016) suggests that the AO includes a large stationary wave component. During the positive phase of the AO, warming occurs over the midlatitudes of the Eurasian continent. However, in the Atlantic sector, the polar vortex is shifted toward the east of Canada, and the cold air moves to the midlatitudes along the east coast of the American continent. As a result, AO-related warming occurs in the subtropics in the Atlantic sector, as can be seen in Fig. 4 at a 0-year lag. This warm anomaly in the subtropical Atlantic Ocean is transported northward and arrives near the frontal zone 2−3 years later when a large amplification occurs. In contrast, in the Pacific sector, the warming because of the positive phase of the AO is initially produced near the ocean frontal zone. Therefore, the interaction occurs without delay and anomalies decay with time.
There could be an additional factor that may create a difference in the response between the Atlantic and Pacific sectors. A modification of the AO spectrum owing to a non-linear interaction between the external forcing and internal variation is suggested in Fig. 7 . The spectrum of the observed winter-mean NAO index is red, but it is slightly enhanced around the 8−10 year band (Hurrell et al. 2003) . For the Pacific internal mode (Pacific Decadal Oscillation), the power is largest for the longer periods of the 15−25 year band (Minobe 1999) . As the NAO has some power near the 11-year cycle, resonance may take place more easily. In fact, the numerical simulation of Thiéblemont et al. (2015) suggested a phase locking of the NAO with the 11-year solar cycle.
The present result confirms the previous hypothesis reported by Kodera et al. (2016) , which stated that the major solar influence on the Earth's surface can be produced through changes in stratospheric circulation, and the spatial structure of the solar signal at the Earth's surface is largely conditioned by atmosphere's interaction with the ocean.
